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Abstract 


) 


The  emissions  of  sound  energy  in  each  of  the  ray  paths  leave  the 
source  at  different  angles.  The  frequencies  of  the  signal  traveling  in 
these  paths  are  different  by  the  amount  of  their  Doppler  shift.  The 
fluctuations  of  the  received  signal  are  caused  by  the  interference  of 
signals  traveling  by  different  paths. 
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I Introduction 

If  several  different  transmission  paths  exist,  then  the  signals 
interfere  and  produce  maxima  and  minima  in  the  sound  field.  A simple 
interference  is  the  surface  dipole  or  Lloyds  mirror.  At  large  range  in  the 
ocean,  a tremendous  number  of  paths  are  possible  and  the  interferences 
are  extremely  complicated. 

Tolstoy  and  Clay  (1966)  discussed  this  problem  in  detail  and  have 
displayed  many  comparisons  of  theoretical  and  experimental  transmission 
curves.  At  low  frequencies  and  modes,  they  were  able  to  theoretically 
determine  the  interference  wavelengths  and  the  ranges  of  maxima  and 
minima  in  the  sound  field.  At  high  frequencies  and  large  range,  the 
coincidence  of  computed  and  measured  maxima  and  minima  is  a matter  of 
luck.  The  theoretical  and  experimental  curves  had  the  same  general 
appearance  and  interference  wavelengths.  Their  comparison  of  experiment 

i > ' 

with  theory  for  a 100  mode  example  4s  shown  on  Fig.  1.  In  the  60  to  70  km 
range  the  theoretical  and  experimental  curves  are  very  similar.  At 
shorter  ranges,  even  higher  modes  are  important. 

In  Chapter  8 of  Ocean  Acoustics,  they  suggest  that  the  interference 
effects  can  be  studied  by  the  application  of  spectrum  analysis  techniques 
to  the  mean  square  signal  level  as  a function  of  range.  This  procedure 
should  be  easier  than  attempting  to  calculate  the  signal  as  a function  of 
range . 
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If  the  existing  numerical  methods  for  making  long-range  sound 
transmission  computations  used  the  normal  mode  formulation,  then  we 
could  write  the  spectrum  of  the  Interferences  immediately.  However,  most 
of  the  numerical  methods  are  based  on  ray  traces,  thus  we  need  to  develop 
ways  to  use  this  information  for  the  estimation  of  interference  phenomena. 

II  Doppler  effect  and  siunal  transmission 

The  change  of  frequency  caused  by  source  motion  is  well  known  and 
easy  to  demonstrate  in  underwater  sound  transmission.  With  the  aid  of 
Fig.  2,  the  shifted  frequency  a;'  is 

a1'  = U)  (1  - v cos  0 /c)  (1) 

o 

v/c  <<  1 

where  u>^  » 2 it  f is  the  source  angular  frequency 

v Is  the  velocity  of  the  source,  f outgoing 
0 is  defined  on  Fig.  2 
c is  velocity  of  sound  in  water 


Fig.  2 Source  motion 
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Let  us  designate  the  amplitude  of  the  signal  that  travels  along  a particular 

path  as  being  s (r)  . The  total  signal  at  the  receiver  is  the  following  sum 
m 

of  all  contributions: 


S (r , t) 


where 


V i O (r)  i C 0!  (1  - v cos  0 /c)]  t 

, s (r)  e m e o m 

L.  m 

1 

6 is  the  emission  angle  of  the  mthray  at  the  source 
m 

<p  (r)  is  the  phase  of  the  signal  at  t = 0 
m 

v is  the  velocity  of  the  source 

M arrivals 


Except  for  convergence  zones  and  shadow  regions,  s^  (r)  is  slowly 
varying  function  of  range.  The  phase  ^^(r)  depends  upon  the  exact 
number  of  wave  lengths  between  the  source  and  receiver,  the  phase  change 
at  all  reflection  and  turning  points,  and  diffractions  caused  by  inhomo- 
genetics. The  phase  is  sensitive  to  internal  waves  and  the  time 
dependence  of  the  ocean.  For  most  practical  purposes  (p  (r)  is  random. 

Over  a limited  range  increment  s (r)  can  be  replaced  by  s , <P 

m mm 

ignored  and  Eq.  (2)  is  the  following: 


M 

s (t)  = Y ~s  exp  i [ U)  (1  - v cos  0 /c  ] t (3) 

Z_.  m o m 

1 


The  emission  angles  are  obtained  by  ray  tracing  technique.  The 
display  of  arrival  angle  or  emission  angle  versus  range  is  particularly 
convenient  for  making  numerical  studies.  Such  a plot  for  a source  at  the 
surface  and  receiver  on  the  sound  channel  axis  is  shown  on  Fig.  3.  The 
bottom  reflections  at  angles  greater  than  30°  have  been  ignored.  At  a 
given  range,  0^  for  all  the  arrivals  can  be  read  on  the  graph. 


-4- 


Ill 


III  Siuvtium  analysis  ot  the  signal 

The  use  of  spectrum  analysis  of  the  signal  to  determine  components 
of  the  Doppler  shifted  signals  has  some  limitations  and  requires  extremely 
good  control.  The  frequency  shifts  are  small  and  extremely  long  times  are 
needed  to  measure  the  frequency.  Since  the  source  ts  moving,  this  means 
that  the  condition  for  small  change  of  s can  be  violated.  Even  though 
the  separations  of  tho  components  are  very  small,  the  mean  shift  of  all  of 
the  components  is  appreciable.  A number  of  measurements  of  source 
velocity  have  been  made  by  measuring  the  average  Doppler  shift. 

IV  Fluctuations  ot  the  signal  level 

Numerous  experiments  have  shown  that  the  signal  received  from  a 
moving  continuous  wave  source  has  many  fluctuations.  In  the  ray  path 
description,  each  path  has  a slightly  different  frequency  and  the  received 
signal  is  the  sum  of  all  of  the  contributions. 

To  examine  the  signal  level  as  a function  of  range,  it  is  convenient 
to  replace  vt  by  r in  the  range  increment.  [The  distance  to  the  chosen 
range  increment  can  be  absorbed  in  the  O (r)  in  Eg.  (2)  ] . With  this  and 
the  following  change  of  variable,  Eq.  (3)  becomes: 


k * — cos 

m c m 


'S  s exp  i (toft  - k r) 

L m m 


The  mean  square  value  of  s(t)  is 


~ s(t)  s*(t)  dt 


M 


^ s “ + 2 ^ ss  cos  A k r 


L. 

1 


m 


m n 


mn 


(7) 


m > n 


Ak 


mn 


k - k = ^ (cos  8 - cos  8 ) 

m n c m n 


(8) 


Over  a short  range  increment  s is  the  sum  of  a mean  level  and  a 
fluctuating  component.  The  techniques  of  stationary  time  seiics  analysis 

r\ 

be  applied  to  sZ  to  estimate  the  spatial  spectrum.  From  Eg.  (7), 


can 


one  can  define  a spatial  spectrum  function  as  follows: 


S (Ak  ) 
mn 


s s 
m n 


(9) 


Thus,  experimental  measurements  of  the  spatial  spectrum  can  be  used  to 


estimate  the  magnitude  s s in  Eq.  (7). 


N u merical  example 


To  illustrate  the  magnitude  of  the  numbers  that  might  be  expected 
in  an  experiment,  we  will  use  the  range--emission  angle  graph,  l ig.  3. 
At  a range  of  20  nm,  the  emission  angles  are  the  following: 


20° 

*2  ■ 

15° 

28° 

6,  * 

23° 

4 

-7- 


(0  and  6 are  + 0 arrival  angles  and  0„  and  0 are  the  - 0 angles) . The 
13  L 

frequency  shifts  Af  associated  with  0 are  with  the  aid  of  Eq.  (3) 
m m 


for 


Af  = f v cos  0 /c  (10) 

mo  m 

f = 100  cps 

o 

v = 10  knots  or  5 m/sec 

c = 1500  m/sec  (11) 

Af  = 0.31  mean  Af 0.31  cps 

Af2  = 0.32 

Af3  = 0.29 

Af . = 0.31 
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It  is  evident  that  the  mean  frequency  shift  of  0.31  cps  can  be  measured 
easily.  If  the  source  frequency  were  not  known  but  if  a hydrophone  were 
located  at  right  angles  to  the  track,  then  approximate  values  of  fQ  can  be 

used  to  estimate  v.  Analysis  of  the  fine  structure  of  the  Doppler  shifted 
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signal  would  require  spectrum  analysis  in  about  10  cps  band  widths. 

The  interference  wave  numbers  for  the  mean  square  level  as  a 

function  of  range  are  estimated  with  the  aid  of  Eq.  (8) . For  the  same 

arrivals,  Ak  are  given  on  Table  1. 
mn 

Actually  one  would  not  observe  sharp  spectral  components  in  an 
experiment.  The  limited  range  increment  Ar  sets  a minimum  spectrum 
width  of  about  2tr/(Ar) . In  addition,  0 changes  with  range.  On 
assuming  that  Ar  is  lnm,  the  half  width  of  each  component  is  roughly 
0.3  x 10^  m . The  spectrum  as  shown  on  Fig.  4 is  based  upon  the 
assumption  that  all  arrivals  have  equal  amplitude. 


rr.n 


Table  1 

Interference  spatial  frequencies  Ak  in  m 


Fig.  4 Spectrum  of  the  fluctuations:  The  location  of  the  components 

.\k  are  indicated  by  arrows.  The  components  have  been 
mn 

broadened  and  the  total  spectrum  shown. 


The  two  main  interference  peaks  should  be  quite  obvious.  The 
short  wavelength  interference  of  / A k,^  ***  1B0  m would  be  rather 

sinusoidal.  The  longer  wavelength  interference  would  have  a more  noise- 
like appearance  and  have  a mean  wave  length  of  about  350m.  Of  course, 
for  such  a short  range,  the  signal  amplitudes  are  not  equal  and  more 
dependent  upon  r than  we  have  assumed. 

VI  A reflection 


The  ideas  presented  in  this  note  are  the  result  of  many  long  range 
continuous  wave  experiments.  When  Ivan  Tolstoy  and  I were  preparing  the 
text  of  Ocean  Acoustics  we  were  amazed  at  the  paucity  of  published 
comparisons  of  theory  and  experiment.  I still  am. 


